We present new transit and occultation times for the hot Jupiter WASP-12b. The data are compatible with a constant period derivative:Ṗ = −29 ± 3 ms yr −1
INTRODUCTION
More than 20 years have elapsed since the discovery of hot Jupiters (Mayor & Queloz 1995) . The time may be ripe to confirm a long-standing theoretical prediction: the orbits of almost all of these planets should be shrinking due to tidal orbital decay (Rasio et al. 1996; Sasselov 2003; Levrard et al. 2009 ). This is because the star's rotational angular momentum is typically smaller than one-third of the orbital angular momentum, the critical value beneath which tidal evolution has no stable equilibrium (Hut 1980) . Tidal decay of hot Jupiters has been invoked to explain certain properties of the ensemble of star-planet systems. For example, the scarcity of gas giants with periods less than a day is suggestive of orbital decay (see, e.g. Jackson et al. 2008; Hansen 2010; Penev et al. 2012; Ogilvie 2014) . The anomalously rapid rotation of some hot-Jupiter host stars has been attributed to transfer of the planet's orbital angular momentum (Penev et al. 2016) . The absence of hot Jupiters around subgiant stars may be caused by an acceleration of orbital decay when a star leaves the main sequence (Villaver & Livio 2009; Hansen 2010; Schlaufman & Winn 2013) . Tidal decay might also be responsible for the lower occurrence of close-in planets around rapidly rotating stars (Teitler & Königl 2014) , or the realignment of stars and their planetary orbits (Matsakos & Königl 2015) . However, direct evidence for orbital decay has been lacking: there have been no clear demonstrations of a long-term period decrease due to orbital decay (see, e.g., Hoyer et al. 2016; Wilkins et al. 2017) .
Another unfulfilled prediction is that the orbits of hot Jupiters should be apsidally precessing on a timescale of decades (Miralda-Escudé 2002; Heyl & Gladman 2007; Pál & Kocsis 2008; Jordán & Bakos 2008) , as long as the orbits are at least slightly eccentric. In particular, Ragozzine & Wolf (2009) noted that the theoretical precession rate is dominated by the contribution from the planet's tidally deformed mass distribution. They advocated a search for apsidal precession as a means of probing the interiors of hot Jupiters.
With an orbital period of 1.09 days, WASP-12b is one of the shortest-period giant planets known (Hebb et al. 2009 ), and has been monitored for a decade. It is, therefore, an outstanding target in the search for orbital decay and apsidal precession. Maciejewski et al. (2016) reported a decrease in the apparent period. Despite being the most convincing claim that has yet been presented for orbital decay, those authors could not distinguish between true period shrinkage and a long-term oscillation of the apparent period due to apsidal precession. In this paper, we present new transit and occultation times ( § 2 and 3). We use all of the available data to test which model is favored by the data: a constant period derivative, or sinusoidal variations arising from apsidal precession ( § 4). We also discuss the implications of both models ( § 5) and prospects for future observations ( § 6). 
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The raw images were processed by performing standard overscan correction, debiasing, and flat-fielding with IRAF 1 . Aperture photometry was performed for WASP-12 and an ensemble of 7-9 comparison stars of similar brightness. The aperture radius was chosen to give the smallest scatter in the flux outside of the transits, and was generally 7-8 pixels. The reference signal was generated by summing the flux of the comparison stars. The flux of WASP-12 was then divided by this reference signal to produce a time series of relative flux. 1 The Image Reduction and Analysis Facility (IRAF) is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science Foundation.
Each time series was normalized to have unit flux outside of the transit. The time stamps were placed on the BJD TDB system using the code of Eastman et al. (2010) .
We fitted a Mandel & Agol (2002) model to the data from each transit. The parameters of the transit model were the midtransit time, the planet-to-star radius ratio (R p /R ⋆ ), the scaled stellar radius (R ⋆ /a), and the impact parameter (b = a cos i/R ⋆ ). For given values of R ⋆ /a and b, the transit timescale is proportional to the orbital period [see, e.g., Eqn. (19) of Winn (2010) ]. To set this timescale, we held the period fixed at 1.09142 days, although the individual transits were fitted separately with no requirement for periodicity. To correct for differential extinction, we allowed the apparent magnitude to be a linear function of airmass, giving two additional parameters. The limb darkening law was assumed to be quadratic, with coefficients held fixed at the values (u 1 = 0.32, u 2 = 0.32) tabulated by Claret & Bloemen (2011) for a star with the spectroscopic parameters given by Hebb et al. (2009). 2 To determine the credible intervals for the parameters, we used the emcee Markov Chain Monte Carlo (MCMC) code written by Foreman-Mackey et al. (2013) . The transition distribution was proportional to exp(−χ 2 /2) with
where f obs,i is the observed flux at time t i and f calc,i is the corresponding flux of the model. The uncertainties σ i were set equal to the standard deviation of the out-of-transit data. In a few cases, the pre-ingress scatter was noticeably different than the post-egress scatter; for those observations, we assigned σ i by linear interpolation between the pre-ingress and post-egress values. Figure 1 shows the light curves and the best-fit models. Table 1 reports the midtransit times and their uncertainties. For convenience, this table also includes the new occultation times described below, as well as the previously reported times that are analyzed in Section 4. The results for the other transit parameters were consistent with the previous results of Maciejewski et al. (2013) , with larger uncertainties.
Time-correlated noise is evident in some of the new light curves. Although we made no special allowance for these correlations in our analysis, we have reason to believe that the quoted uncertainties are reliable. When these seven new midtransit times are fitted with a linear function of epoch, we obtain χ 2 min = 5.1 with five degrees of freedom. When the period is held fixed at the value derived from all 10 years of timing data, we obtain χ 2 min = 7.8 with six degrees of freedom. These tests suggest that the uncertainties are not substantially underestimated. Furthermore, spurious timing variations would be random from night to night, whereas our long-term timing analysis (Section 4) reveals that all seven new midtransit times produce residuals of the same sign and amplitude. 3. NEW OCCULTATION TIMES We measured two new occultation times based on hitherto unpublished Spitzer observations in 2013 December (program 90186, P.I. Todorov). Two different transits were observed, one at 3.6 µm and one at 4.5 µm. The data take the form of a time series of 32x32-pixel subarray images, with an exposure time of 2.0 s per image. The data were acquired over a wide range of orbital phases, but for our purpose, we analyzed only the ≈14,000 images within 4 hours of each occultation. We also reanalyzed the Spitzer occultation presented by Deming et al. (2015) using the technique described below.
We determined the background level in each image by fitting a Gaussian function to the histogram of pixel values, after excluding the high flux values associated with the star. The centroid of the fitted Gaussian function was taken to be the background value and was subtracted from each image prior to performing aperture photometry.
We used two different schemes to choose photometric aperture sizes. In the first scheme, we used 11 apertures ranging in radius from 1.6-3.5 pixels in average increments of 0.2 pixel. In the second scheme, we tried 11 apertures for which the radius was allowed to vary at each time step, based on the procedure described in Appendix A of Lewis et al. (2013) . In this procedure, the aperture radius is taken to be the sum of a constant (ranging from 0-2 pixels) and the noise pixel radius, defined as the square root of the ratio of the square of the total flux integrated over all pixels divided by the sum of the squared-fluxes in individual pixels. The noise pixel radius is specific to each image and allows for possible changes in the shape of the pixel response function with position. We also tried two different methods to choose the center of the apertures: fitting a two-dimensional Gaussian function to the stellar image, and computing the fluxweighted center-of-light. Hence, there were four versions of the photometry: constant versus variable aperture radii, and Gaussian centroiding versus center-of-light. Each of those four versions contains 11 time series with different aperture sizes.
We corrected for the well-known intrapixel sensitivity variations using pixel-level decorrelation [PLD; Deming et al. (2015) ]. In PLD, the flux time series is modeled as the sum of the astrophysical variation, a temporal baseline, and a weighted sum of the (normalized) time series of each pixel comprising the point-spread function. Because each pixel value is divided by the total brightness of the star in that image, PLD effectively separates astrophysical information and Spitzer detector effects. PLD has also been used to produce high-quality photometry from K2 data (Luger et al. 2016) .
Our implementation of PLD operates on time-binned data [see Sec. 3.1 of Deming et al. (2015) ]. Over a trial range of occultation midpoints and median aperture radii, the code uses linear regression to find the best-fit occultation depth and pixel coefficients. We provisionally adopt the midpoint that produces the best fit (smallest χ 2 ). The code then varies the aperture radius from among the 11 possible values and the duration of the time bins. The optimal values of the radius and bin size are determined by examining the Allan (1966) deviation relation of the residuals and identifying the case that comes closest to the ideal relation. Then, an MCMC procedure is used to optimize the light-curve parameters (including the time of mid-occultation), pixel coefficients, and temporal baseline coefficients. The temporal baseline was taken to be a quadratic function of time, which was sufficient to describe the phase-curve variation in the vicinity of the occultation.
After performing these steps for all four different versions of the photometry, we adopted the version that came closest to achieving the theoretical photon noise limit. For the 3.6 µm data, the adopted version used 10-frame binning, center-of-light centroiding, and a constant aperture radius of 2.3 pixels. For the 4.5 µm data, the adopted version used 10-frame binning, center-of-light centroiding, and a constant aperture radius of 2.2 pixels. With these choices, we achieved a noise level of 1.29 and 1.24 times the theoretical photon noise limit at 3.6 and 4.5 µm, respectively. The uncertainty in the midpoint of each occultation was determined from the standard deviation of the (very nearly Gaussian) marginalized posterior distribution. The new light curves are shown in Figure 2 , and the times are given in Table 1 . The best-fit central times are relatively insensitive to the version of the photometry adopted in the final solution. The very worst of the four photometry solutions for the 3.6 and 4.5 µm data gave midpoints differing by 31 and 75 seconds (0.3σ and 0.6σ), respectively. Table 1 gathers together all of the times of transits (t t ) and occultations (t o ) used in our analysis. We included all of the data we could find in the literature for which (i) the analysis was based on observations of a single event, (ii) the midpoint was allowed to be a completely free parameter, and (iii) the time system is documented clearly. The tabulated occultation times have not been corrected for the light-travel time across the diameter of the orbit. For the timing analysis described below, the occultation times were corrected by subtracting 2a/c = 22.9 s.
TIMING ANALYSIS
We fitted three models to the timing data using the MCMC method. The first model assumes a circular orbit and a constant orbital period:
where E is the epoch number. Figure 3 displays the residuals with respect to this model. The fit is poor, with χ 2 min = 197.6 and 111 degrees of freedom. The transit residuals follow a negative parabolic trend, indicating a negative period derivative. Our new data-the square points at the rightmost extreme of the plot-follow the trend that had been established by Maciejewski et al. (2016) . Thus, we confirm the finding of Maciejewski et al. (2016) that the transit interval is slowly shrinking.
Next we fitted a model that assumes a circular orbit and a constant period derivative:
The red curves in Figure 3 shows the best fit, which has χ 2 min = 118.5 and 110 degrees of freedom. Both the transit and occultation data are compatible with the model. The implied period derivative is
In the third model, the orbit is slightly eccentric and undergoing apsidal precession:
where e is the eccentricity, ω is the argument of pericenter, P a is the anomalistic period and P s is the sidereal period. The argument of pericenter advances uniformly in time,
and the two periods are related by
These expressions are based on Eqn. (15) of Giménez & Bastero (1995) , in the limit of low eccentricity and high inclination. This model has 5 parameters: t 0 , P s , e, ω 0 , and dω/dE. The blue curves in Figure 3 show the best-fit precession model. The main difference between the decay and precession models is that apsidal precession produces anticorrelated transit and occultation timing deviations, while the orbital decay model produces deviations of the same sign. The precession fit has χ 2 min = 124.0 and 108 degrees of freedom. The model achieves a reasonable fit by adjusting the precession period to be longer than the observing interval. In this way, the parabolic trend can be matched by the downward-curving portion of a sinusoidal function. However, there is tension between the need for enough downward curvature in the transit deviations to fit the earliest data and a small enough upward curvature in the occultation deviations to fit the most recent data.
The orbital decay model provides the best fit. It is better than the precession model by ∆χ 2 = 5.5, despite the handicap of having two fewer free parameters. The Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) are widely used statistics to choose the most parsimonious model that fits the data: where n is the number of data points and k is the number of free parameters. In this case, n = 113, k = 3 for decay, and k = 5 for precession. The AIC favors the decay model by ∆α = 9.46, corresponding to a likelihood ratio of exp(∆α/2) = 113. The BIC favors the orbital decay model by ∆β = 14.91, corresponding to an approximate Bayes factor of exp(∆β/2) = 1730. Table 2 gives the best-fit parameters for all three models. In summary, a constant period has been firmly ruled out, and orbital decay is statistically favored over apsidal precession as the best explanation for the timing data. However, the statistical significance of the preference for orbital decay is modest and depends on the reliability of the quoted uncertainties for all of the timing data, which come from different investigators using different methods. For example, when the earliest data point is omitted, orbital decay is still preferred but ∆χ 2 is reduced to 2.0. For these reasons, and out of general caution, we do not regard apsidal precession as being definitively ruled out. Further observations are needed.
IMPLICATIONS 5.1. Orbital decay
To explore the implications of the best-fit models, we assume, for the moment, that the orbital decay interpretation is correct. Based on the current decay rate, the period would shrink to zero in
The future lifetime of the planet is likely to be even shorter, because the decay rate is expected to increase rapidly with decreasing period. In the simplified "constant phase lag" model for tidal evolution, the period derivative is
which we obtained by applying Kepler's third law to Eqn. (20) of Goldreich & Soter (1966) . Here, Q ⋆ is the "modified quality factor" of the star's tidal oscillations (often designated elsewhere as Q and a/R ⋆ = 3.097 (Chan et al. 2011) , giving
This value for Q ⋆ is smaller than the typical range of 10 based on the period-eccentricity distribution of hot Jupiters. This is consistent with our result.
Theoretically, the quality factor should depend on the orbital period, perturbation strength, and internal structure of the star (Ogilvie 2014) . Recently, Essick & Weinberg (2016) calculated Q ⋆ for hot Jupiters perturbing solar-type stars, based on the nonlinear interactions and dissipation of tidally driven g-modes. For the mass ratio and period of WASP-12, their Eqn. (26) predicts Q ⋆ = 4 × 10 5 , close to the observed value. However, their calculation pertained to stars with a radiative core and a convective envelope, and it is not clear that WASP-12 belongs in this category. With T eff = 6100 K (Torres et al. 2012) , WASP-12 is right on the borderline between stars with convective and radiative envelopes. In fact, we wonder if this coincidence-lying right on the Kraft break-could be related to the apparently rapid dissipation rate. The star may have a convective core and a convective envelope, separated by a radiative zone, perhaps leading to novel mechanisms for wave dissipation.
Apsidal precession
Assuming instead that the apsidal precession model is correct, the orbital eccentricity is 0.0021 ± 0.0005. This is compatible with the upper limit of 0.05 from observations of the spectroscopic orbit (Husnoo et al. 2012 ). The observed precession rate isω = 26 ± 3 deg yr
, corresponding to a precession period of 14 ± 2 years. Ragozzine & Wolf (2009) showed that for systems resembling WASP-12, the largest contribution to the theoretical apsidal precession rate is from the planet's tidal deformation. The rate is proportional to the planet's Love number k p , a dimensionless measure of the degree of central concentration of the planet's density distribution. Lower values of k p correspond to more centrally concentrated distributions, which are closer to the point-mass approximation and, therefore, produce slower precession. Eqn. (14) of Ragozzine & Wolf (2009) can be rewritten for this case as
Using the measured precession rate and relevant parameters of WASP-12, this equation gives k p = 0.44 ± 0.10. If this interpretation is confirmed, it would be a unique constraint on an exoplanet's interior structure, in addition to the usual measurements of mass, radius, and mean density. For Jupiter, a value of k p = 0.59 has been inferred from its observed gravity moments (Wahl et al. 2016) . Therefore the precession interpretation for WASP-12b suggests that its density distribution has a similar degree of central concentration as Jupiter, and perhaps somewhat higher.
Prior probabilities
It is worth contemplating the "prior probability" of each model. By this, we mean the chance that the circumstances required by each model would actually occur, independently of the goodness-of-fit to the data. At face value, both models imply that we are observing WASP-12 at a special time, in violation of the "temporal Copernican principle" articulated by Gott (1993) . It is difficult, however, to decide which model requires the greater coincidence.
Given the star's main-sequence age of 1700 ± 800 Myr (Chan et al. 2011) , the orbital decay model would have us believe we are witnessing the last ∼0.2% of the planet's life. If we observed a single system at a random time, this would require a one-in-500 coincidence. However, WASP-12 is not the only hot Jupiter that we and others have been monitoring. There are about 10 other good candidates with comparably low a/R ⋆ , increasing the odds of the coincidence by an order of magnitude.
It is noteworthy that other investigators have argued on independent grounds that WASP-12b is close to death. Fossati et al. (2010) , Haswell et al. (2012) , and Nichols et al. (2015) have presented near-ultraviolet transit spectroscopy consistent with an extended and escaping exosphere. The resulting mass loss process has been studied theoretically by Li et al. (2010) , Lai et al. (2010) , and Bisikalo et al. (2013) . Most recently, Jackson et al. (2017) developed a new theory for Roche lobe overflow and identified WASP-12 as a likely case of rapid mass loss.
It is also possible that orbital decay occurs in fits and starts, because of strong and erratic variations in the dissipation rate with the forcing period (see, e.g., Ogilvie & Lin 2007; Barker & Ogilvie 2010) . Thus, the planet may be experiencing a brief interval of rapid decay. This does not eliminate the requirement for a coincidence, because one would expect to discover the system in one of the more prolonged states of slow dissipation. However, it does mean that the planet's future lifetime may be longer than the current value of P/Ṗ.
As for apsidal precession, the trouble is the very short expected timescale for tidal orbital circularization. This process is thought to be dominated by dissipation within the planet, rather than the star. Eqn. (25) of Goldreich & Soter (1966) , relevant to this case, can be rewritten
For WASP-12, this gives τ e ∼ 0.5 Myr, assuming Q p ∼ 10 6 . At this rate, even 4 Myr of tidal evolution would reduce the eccentricity below 10 . Of course, the planetary quality factor Q p could be larger than the standard value of 10 6 , or the tidal model leading to the preceding equation could be a gross misrepresentation of the actual circularization process.
There may also be some process that continually excites the eccentricity. One possibility is gravitational forcing by another planet, although no other nearby planets are known in the WASP-12 system (Knutson et al. 2014 ). An intriguing possibility is eccentricity excitation by the gravitational perturbations from the star's convective eddies. In this scenario, proposed by Phinney (1992) to explain the small but nonzero eccentricities of pulsars orbiting white dwarfs, the system reaches a state of equipartition between the energy of eccentricity oscillations (epicyclic motion) and the kinetic energy of turbulent convection. To our knowledge, this theory has only been developed for post-main-sequence stars (see, e.g. Verbunt & Phinney 1995; Rafikov 2016) . It is not obvious that this theory would apply to WASP-12 and be compatible with e ∼ 10 −3 . Should further theoretical investigations reveal that this mechanism (or any other) could naturally maintain the orbital eccentricity at the level of 10
, then the apsidal precession model would require no special coincidence. Neither would it require unique circumstances; it is possible that eccentricities of this order could exist in other hot Jupiter systems and have remained undetected. Thus, the identification of a natural eccentricity-excitation mechanism would swing the prior-probability balance in the direction of apsidal precession.
Other possible explanations
To this point, we have presented orbital decay and apsidal precession as the only possible reasons for an apparent period decrease. Another possibility is that the star is accelerating toward Earth, due to the force from stellar companions or wide-orbiting planets. This would produce a negative apparent period derivative ofv r P/c, where v r is the radial velocity. Based on long-term Doppler monitoring, Knutson et al. (2014) . This is an order of magnitude too small to be responsible for the observed period derivative. Of course, none of these phenomena are mutually exclusive. The system may be experiencing a combination of orbital decay, apsidal precession, and radial acceleration, although joint modeling of these effects is not productive with the current data.
Rafikov (2009) described two other phenomena that cause changes in the apparent period of a transiting planet. The first is the Shklovskii effect, wherein the star's proper motion leads to a changing radial velocity and a nonzero second derivative of the light-travel time. This is already ruled out by Doppler observations of the radial acceleration. For completeness, though, we note that the observed distance d and proper motion µ imply a period derivative of Pµ
, too small to explain the data. The second phenomenon, also dependent on proper motion, is the apparent apsidal precession caused by our changing viewing angle. The resulting period derivative is of order ∼(Pµ) 2 /2π, which in this case is ∼10 −21
, too small by many orders of magnitude.
6. FUTURE PROSPECTS With WASP-12, we are fortunate that both possibilitiesorbital decay and apsidal precession-lead to interesting outcomes. It will soon be possible to measure the tidal dissipation rate of a star, or the tidal deformability of an exoplanet, either of which would be a unique achievement. To help understand the requirements for a definitive verdict, Figure 4 shows the future projections of a sample of 100 models that provide satisfactory fits to the data, drawn randomly from our converged Markov chains.
For the transits, the two families of models become separated by a few minutes by 2021-22. The occultation models diverge earlier, and are separated by a few minutes in 2019-20. Thus, while continued transit timing is important, the most rapid resolution would probably come from observing occultations a few years from now. In principle, transit duration variations (TDV) would also help to distinguish between the two models, but the expected amplitude is (Pál & Kocsis 2008) TDV ∼ P 2π
which will be difficult to detect. In this paper, we have focused on the timing anomalies of WASP-12. This system has other remarkable features we have not even discussed. The star's equator is likely to be misaligned with the orbital plane (Schlaufman 2010; Albrecht et al. 2012 ). The star is also part of a hierarchical three-body system, with a tight pair of M dwarfs orbiting the planet-hosting star at a distance of about 265 AU (Bechter et al. 2014) . Detailed modeling of the star's interior structure and and tidal evolution is warranted, as are continued observations of transits and occultations.
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Note added in proof. D. Lai has reminded us of another possible reason for a cyclic variation in the period: the Applegate (1992) effect, in which a star's quadrupole moment varies over a magnetic activity cycle. For WASP-12, Watson & Marsh (2010) estimated that this effect could produce timing deviations of 4-40 s depending on the cycle duration. The transit and occultation deviations would have the same sign, allowing this effect to be distinguished from apsidal precession. Hebb et al. (2009) with the 2m Liverpool telescope, as analyzed by Maciejewski et al. (2013) .
b Re-analyzed in this work. a The numbers in parenthesis give the 1σ uncertainty in the final two digits.
